Computational Details
All quantum mechanical calculations were carried out using the Jaguar software version 7.6 developed by Schrödinger Inc. [1] Geometry optimizations were carried out on initial guess structures, and vibrational frequencies were gathered to confirm the optimized geometries as intermediates or transition states and to construct a free energy profile. Solvation energies were calculated using the PBF Poisson-Boltzmann implicit continuum solvation model [2] in Jaguar, with a dielectric constant of 8.55 and a probe radius of 2.451 Å for TFAH and 80.37 and 1.40 Å for water. Explicit waters were added into the calculations of aqueous Rh(NN F ) (two explicit waters per aqua ligand) for more accurate solvation modeling.
Geometry optimization and vibrational data were calculated using the B3LYP density functional [3] with a smaller basis set, whereas single point gas-phase and solvated energies were calculated using the M06 functional [4] and a larger basis set. Here the "smaller basis set" consists of a modified double-ζ Los Alamos basis set and pseudopotential [5] that includes f functions for rhodium [6] , and the 6-31G** basis set [7] for the other atoms; whereas the "larger basis set" consists of the triple-ζ Los Alamos basis set and pseudopotential (LACV3P**++) modified to include f functions and diffuse functions for rhodium, and the 6-311G**++ basis set [8] for the other atoms. For orbital analysis, the Pipek-Mezey localization procedure was used [9] .
Rather than specify a particular chemical oxidant, we adopted a consistent electrostatic potential for electrons to determine the free energy changes of redox reactions. A value of 1.23 V vs SHE, the standard potential for the reduction of oxygen at pH = 0 and 25°C (O ଶ ሺ݃ሻ + 4H ା ሺܽ‫ݍ‬ሻ + 4݁ ି ሺܽ‫ݍ‬ሻ ሱۛሮ 2H ଶ Oሺℓሻ) was adopted for models in trifluoroacetic acid. For water, the pH was taken as 7 and the potential thus reduced to 0.817 V; this was calculated using the equation ‫ܧ‬ = ‫−°ܧ‬ ∆‫݊/ܩ‬ℱ where ℱ is Faraday's constant and ‫ܩ∆‬ = ݈݇ܶ݊ܳ = ݇ܶ • ‫‬H • ݈݊10. The free energy of the electron was then calculated using the equation ‫ܩ‬ = −ℱሺ‫ܧ‬ + 4.28 Vሻ where 4.28 V represents the absolute potential of the SHE reference [10] . The free energy of the proton was taken as -260 kcal/mol in TFAH and -279.80 kcal/mol in pH=7 water [11] . The free energy for each molecular species in solution was calculated using the formula ‫ܩ‬ = ‫ܧ‬ ௦ + ‫ܩ∆‬ ௦௩ + ‫ܧܼܲ‬ + ‫ܪ‬ ௩ + 6݇ܶ − ܶሾܵ ௩ + 0.54ሺܵ ௧௦ + ܵ ௧ − 14.3 e.u.ሻ + 7.98 e.u.ሿ where the last term is an empirical approximation of the change in the translational and rotational entropy of the molecule between the gas phase and the solution phase (due to the finite librational frequencies) derived from Wertz [12] . For gas phase molecules (methane, methanol at 498.15 K, and for the purposes of this publication methyl trifluoroacetate), we assumed that equilibration between the dissolved gas and the headspace occurred at a much faster timescale than the reactions in question; leading to ‫ܩ∆‬ ௦→௦௩ = 0. Thus, the free energy of such gas molecules can be simply calculated using the formula ‫ܩ‬ = ‫ܩ‬ ௦ = ‫ܧ‬ ௦ + ‫ܧܼܲ‬ + ‫ܪ‬ ௧௧ − ܶܵ ௧௧ .
We simulated methanol in the gas phase at 498.15 K and the solution phase at room temperature by adding the empirical hydration free energy of -3.19 kcal/mol [13] to the gas phase free energy.
For pure liquids (e.g., trifluoroacetic acid and water), the Gibbs free energy was calculated using the formula
where ‫ܩ∆‬ ௦→௨ௗ = ‫ܩ‬ ௨ௗ − ‫ܩ‬ ௦ ሺ1 atmሻ is the free energy of condensation to liquid from 1 atm gas. We can solve for this by noting that
where ‫ܩ∆‬ ௫ = ‫ܩ‬ ௦ ሺܲሻ − ‫ܩ‬ ௦ ሺ1 atmሻ is the expansion of the gas from 1 atm to the vapor pressure P, and ‫ܩ∆‬ ௦→௦௩ is the condensation of gas to liquid. Since a liquid is by definition at equilibrium with its vapor pressure, ‫ܩ∆‬ ௦→௦௩ = 0, and we thus have
We can find the vapor pressure P at a given temperature using the Antoine Equation:
where the empirical parameters A, B, and C vary with the solvent and temperature range and were taken from Table S1 . Antoine equation parameters used for trifluoroacetic acid and water at each temperature point investigated. Numbers taken from [14] and are set such that P will be measured in bar.
The S R 2 attack involving OV V Cl 3 converts two singlets to two doublets, and hence the transition states feature spin contamination (S 2 > 0) while representing an overall singlet. Structures that did not feature such spin contamination were considered to be transition states for an alternative S N 2 attack that forms MeOV III Cl 3 -and a Rh I species, all of which were higher in energy. 
Catalytic Cycles

Rh(NN F ) complexes in water
In Figure S11 , as well as its simplified version ( Figure 7 in Figure 7 from the main text. Thermodynamic profile for the activation and functionalization of methane using Rh(NN F ) complexes in water. This chart is meant to be read from left to right; the first row contains the pathway through neutral species and the second row through anionic species. Red denotes the III-I functionalization pathway; blue the III-II, and green the III-IV-II pathway. All free energies (kcal/mol) at pH = 7 and referenced to the resting Rh III Having verified that the Rh(NN F ) catalytic system in water was thermodynamically feasible, we sought accessible transition states for both the methane activation and functionalization steps. For methane activation, we began by assuming that the activation would take place via electrophilic substitution with a cis hydroxo ligand acting as a proton acceptor ( Figure S12 ). We then found transition states, starting from both neutral and anionic species, with the methane and the interacting hydroxo in every possible configuration with respect to the (NN F ) ligand. Our lowest transition state barrier of 35.0 kcal/mol at 298 K occurs with the methyl group forming in the axial position, donating its extra proton to an equatorial hydroxo ligand and trans to an axial hydroxo ligand ( Figure S13a ). This is significantly higher than in the TFAH solvent case, but still within the limits of feasibility. We examined the possible role of a concerted reaction with a bridging water molecule, but we did not see a decrease in the transition state energy. Figure S12. Transition states for the activation of methane using Rh(NN F ) complexes in water. Chart is meant to be read from top to bottom; the left side contains the pathway through neutral species and the right side through anionic species. All numbers are in kcal/mol and referenced to the resting state (in the purple box in Figure S11 ). Following the activation of methane, the other transition state that needed to be calculated was for the functionalization of the Rh-methyl bond. We investigated the functionalization through the III-I, III-II, and III-IV-II routes (Figures S14, S15, and S16, respectively). For each route, we restricted our investigation to activations from rhodium species with axial methyl groups, since (as in the TFAH case) the axial isomer is preferentially formed during the activation step.
a.
For the III-I route, we required an aqua ligand to be the leaving group trans to the methyl, limiting us to only two possible transition states: a neutral transition complex ( Figure S14 , left) and an anionic complex ( Figure S14, right) . Although the neutral transition state ( Figure S13b ) is somewhat lower in energy, we found that in both cases the activation energy for this pathway is prohibitively high. Figure S11 ). Rh1   C64   O67  O46  H68  H51   O5   O54 O47 H3
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For the III-II route ( Figure S15) Figure S15 , upper right). We found that this S R 2 pathway was even more facile, with all barriers in the 30s ( Figure S15 , middle) and the lowest barrier being 31.7 kcal/mol for VOCl 3 attack on a neutral species with an axial methyl ligand, which is shown in detail in Figure S13c . Figure S11 ).
For the III-IV-II route ( Figure S16 ), a good leaving group trans to the Rh III -methyl once again became important. Hence, we were limited to only investigating one possible transition state, shown in detail in Figure S13d . We found the activation energy for this process to be approximately equal to that of the methane activation step. Figure S11 ). Figure S22 . A graph of the III-I S N 2 methyl functionalization energy of the various rhodium complexes versus the 4s orbital energy of the rhodium in their resting states. This calculated value is a proxy for the relative overall electropositivity of the specific rhodium-ligand complexes. In all cases the lowest transition state was used, which invariably involves S N 2 attack by TFA -or TFAH on an axial Rh III -Me. This graph was based on data from Table S3 . Figure S23 . A graph of the III-II S R 2 methyl functionalization energy of the various rhodium complexes versus the 4s orbital energy of the rhodium in their resting states. This calculated value is a proxy for the relative overall electropositivity of the specific rhodium-ligand complexes. In all cases the lowest transition state was used, which invariably involves S R 2 attack by OVCl 3 on an axial Rh III -Me. This graph was based on data from Table S3 . Figure S24 . A graph of the III-IV-II S N 2 methyl functionalization energy of the various rhodium complexes versus the 4s orbital energy of the rhodium in their resting states. This calculated value is a proxy for the relative overall electropositivity of the specific rhodium-ligand complexes. In all cases the lowest transition state was used, which invariably involves S N 2 attack by TFA -or TFAH on an axial Rh IV -Me. This graph was based on data from Figure S25 . The calculated free energy (at 298K, 1 atm CH 4 ) for the (NNC)Ir(TFA) 2 system, via the same internal substitution mechanism applied to Rh(III) complexes.
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